The heparin-binding hemagglutinin (HBHA) is a 28-kDa, methylated, surface-exposed protein that mediates the interaction of the tubercle bacilli with the host, acting as an adhesin for nonphagocytic cells (19, 22) . Methylation of the C-terminal lysine residues affects both the biochemical and immunological properties of the protein (3, 14, 17, 23, 29) . Several experimental findings have implicated HBHA in the process of extrapulmonary dissemination of Mycobacterium tuberculosis (22) , a major step in the development of the active form of the disease (1) . Recently, Menozzi et al. (18) have also shown that binding of HBHA to proteoglycans induces epithelial transcytosis, which may promote the systemic dissemination of M. tuberculosis. In light of these studies, it has been proposed that the development of an HBHA-based vaccine may represent an original and effective strategy to prevent the development of the disease, and the results obtained in the mouse model of tuberculosis (TB) have supported this hypothesis (20, 29) . To further investigate the role of HBHA in the biology of M. tuberculosis, a comprehensive study, both in vitro and in vivo, was carried out to evaluate hbhA gene expression during the immunopathogenetic process of TB.
Expression of the hbhA, ftsZ, hsp70, and 16S rRNA genes was assessed using total RNA by real-time reverse transcriptase PCR (RT-PCR) with an i-Cycler iQ system (Bio-Rad Laboratories, Hercules, Calif.) (26) . Cells and tissues homogenates were resuspended in RNAlater solution (QIAGEN, Hilden, Germany), and total RNA was extracted with an RNeasy Protect minikit (QIAGEN) by mechanical disruption, as previously described (11, 26) . For each gene, a set of primer pairs and a TaqMan probe were designed with Beacon Designer 2 (version 2.06) software (Premier Biosoft International, Palo Alto, Calif.) and synthesized by MWG Biotech (Florence, Italy) (Table 1) . Each reaction was run in quadruplicate, and amplification efficiencies for all genes were determined (21) . Because the PCR protocols worked with equal efficiencies, relative mRNA expression levels of hbhA and hsp70 were normalized for input RNA against the level of ftsZ or 16S rRNA gene transcripts. The relative mRNA expression levels of the hbhA and hsp70 genes in each sample were calculated using the comparative cycle time method (16) . Comparison between the categorical variables was performed by using the two-tailed Student t test. A P value of less than 0.05 was considered statistically significant.
To assess hbhA gene expression in axenic culture, M. tuberculosis strain Erdman (TMC 107) was grown in 7H9 liquid medium supplemented with albumin-dextrose-catalase enrichment (Microbiol, Cagliari, Italy) and Tween 80 (0.05%) at 37°C, and 2-ml aliquots were harvested at different time points to assess colony counts and to isolate total RNA. The 16S rRNA-normalized levels of ftsZ transcript remained constant during the in vitro growth phase, while the 16S rRNA-normalized amounts of hsp70 transcript increased at the stationary phase (Fig. 1B ). An Ϸ100-fold increase in the expression of the hbhA gene relative to either the 16S rRNA (Fig. 1C) or ftsZ (Fig. 1D ) gene was observed, demonstrating that the hbhA gene is strongly upregulated at the early stationary phase.
Expression of the hbhA gene in the intracellular environment was evaluated by infecting bone marrow-derived macrophages (BMM⌽) and A549 human pneumocytes with M. tuberculosis. BMM⌽ were established in 24-well plates as previously described (4) and were infected with M. tuberculosis at a multiplicity of infection of 3:1. A549 type II human pneumocytes were cultured in Dulbecco modified Eagle medium containing 10% fetal bovine serum. A549 cells were cultured in 24-well plates and infected with M. tuberculosis (multiplicity of infection, Ϸ5:1) when they reached a confluence of 60 to 70%. Following infection, BMM⌽ and A549 cells were incubated for 2 hours at 37°C and washed three times with antibiotic-free medium, and then medium containing gentamicin at 50 g/ml was added to kill extracellular bacteria. At different time points, the cells were washed three times with phosphate-buffered saline (PBS) and resuspended in 0.5 ml of cell lysis solution (PBS containing 1% Triton X-100). Aliquots (0.4 ml) of the lysates were harvested by centrifugation and used to isolate total RNA, as described above.
As shown in Fig. 2 , on day 1 and, more significantly, on day 3 postinfection, an increase in hbhA mRNA levels was observed in M. tuberculosis infecting A549 cells. Conversely, the relative hbhA expression was lower and remained constant in M. tuberculosis infecting BMM⌽ (Fig. 2) . These results indicate that the hbhA gene is strongly upregulated in M. tuberculosis infecting type II human pneumocytes but not in M. tuberculosis infecting BMM⌽.
In vivo gene expression was investigated using the mouse model of TB (2, 4) . C57BL/6 female mice were obtained from Harlan (Italy) and were maintained under barrier conditions and fed commercial mouse chow and water ad libitum. All animal experiments were performed using protocols approved by the Catholic University Ethical Committee. Eight-week-old mice were aerogenically infected using a Glas-Col chamber with a low dose (Ϸ2 ϫ 10 2 CFU/mouse) of the M. tuberculosis (2) . At different time points, five mice per group were sacrificed, the spleens and the right lung lobes were homogenized in PBS containing 0.05% Tween 80, and serial dilutions were plated on 7H11/oleic acid-albumin-dextrose-catalase agar plates to assess CFU per organ (4). One-milliliter aliquots of lung and spleen homogenates per animal were centrifuged, and the pellets were processed to isolate RNA. Right after tissue removal, the lung left lobes were perfused and fixed with neutral buffered paraformaldehyde, processed and stained with hematoxylin-eosin and Ziehl-Nielsen stain, and analyzed under light microscopy. As shown in Fig. 3 , during the first 2 weeks of infection M. tuberculosis multiplies logarithmically in lung tissue, reaching a peak of Ϸ6.8 log CFU/organ on day 28. Colonization of the spleen was observed starting by day 14 and reached the maximum on day 28 after infection, following a logarithmic growth curve similar to that seen in the lung tissue. Thereafter, M. tuberculosis persisted in the lung and spleen tissues for a long time (150 days).
Histopathological analysis of lung sections was found to be consistent with that in previous studies (24) . Lung sections isolated from mice at day 14 after infection showed a cellular infiltrate typical of the category 1 lesions described by Rhoades et al. (24) , with highly infected macrophages infiltrating the alveolar septa (Fig. 3B) . Some of these macrophages were found in close contact with intact epithelial cells, which also appeared to be infected with acid-fast bacilli (AFBs) (Fig. 3B) . A few more advanced type 2 lesions starting to organize in granulomas could be detected scattered in the tissue (24) . Interestingly, most of the M. tuberculosis-infected cells were detected in the periphery of the lesions, in close contact with epithelial cells and lumen (Fig. 3C) . Figure 4A shows the ftsZ-normalized levels of hbhA in the lung and spleen tissue at the time points indicated in Fig. 3 . hbhA gene expression was detected starting on day 7 in the lung, while expression in the spleen could not be demonstrated until day 14, although ftsZ and 16S RNA transcripts were detected (data not shown). On day 14 following infection, ftsZ-normalized levels of hbhA in lung tissue significantly increased (Ϸ40-fold). On day 28, relative expression of the hbhA gene decreased, reaching an hbhA/ftsZ ratio of 1, which was maintained throughout the course of infection (day 70 and day 150). Expression of the hbhA gene in the spleen tissue remained low throughout the infection (hbhA/ ftsZ ratio of Ϸ0.05 to 0.2), and no significant variability was observed at the different time points. Similar results were obtained when 16S rRNA was used as the housekeeping gene (Fig. 4B) , indicating that ftsZ is a reliable housekeeping gene in vivo. A comparative analysis of the hbhA gene expression in M. tuberculosis infecting lung and spleen tis- sues indicates that overall expression of hbhA is 10 to 40 times higher in the lung than in the spleen. A major finding of this study is that the hbhA gene is specifically upregulated by M. tuberculosis in the lung but not in the spleen during the early steps of infection, when bacilli are actively multiplying in host tissues. Expression of the hbhA gene was calculated relative to 16S rRNA, whose expression remains constant in macrophages and host tissues (13, 28) , and to the ftsZ gene. FtsZ is a protein involved in bacterial cell division, and its intracellular concentration remains constant regardless of doubling time or growth rate (25, 31) . We reasoned that normalization of hbhA transcripts to those of the ftsZ gene would provide a further control to assess tissuespecific upregulation during active bacillus multiplication. Indeed, the results obtained in this study demonstrate that ftsZ is a reliable housekeeping gene.
Upregulation of the hbhA gene in the lung is tissue specific and cannot be simply associated with bacterial multiplication. The increase in hbhA expression is rather substantial in comparison to that observed for other M. tuberculosis genes known to play an important role in TB pathogenesis, for example, Esat-6, fbpABC, sodC, acr, icl1, mbtA, and others (5, 12, 27, 28, 30) . hbhA upregulation appears to be quantitatively much more remarkable than what has been seen, for instance, for the fbpA and fbpB genes (27, 28) .
It should be noted that upregulation of the hbhA gene occurs when bacilli are actively multiplying in the lung tissue and the cellular immune response has not yet contained the infected areas. Histopathological analysis of lung tissue carried out on day 14 indicated that AFBs reside primarily in early cellular infiltrates in the alveolar septa, infecting macrophages or epithelial cells. At this time of infection, M. tuberculosis can also be detected in the forming granulomas, mostly at the periphery of the lesions, where it is more likely to escape into the blood system and disseminate. Conversely, analysis of infected lung tissue at later time points indicates that AFBs infect macrophages residing primarily in the inner parts of the lesions, in areas tightly confined by wedges of lymphocytes.
Dissemination of the tubercle bacilli from the site of primary infection is a major step in TB pathogenesis (1) . The current hypothesis is that inhalation of bacilli establishes primary lesions in the lungs that cannot be contained by either the innate or the slowly emerging acquired immune response. Multiplying bacteria escape from the primary lesion through a process of hematogenous dissemination that leads to the formation of secondary lesions that appear to be more favorable for the development of lesion reactivation (10, 15) . Because HBHA has been clearly implicated in the process of dissemination of M. tuberculosis (19, 22) , the results of this study suggest that M. tuberculosis promotes hbhA expression when the bacteria can easily escape from the forming lesions to the bloodstream. Because the hbhA gene is upregulated within A549 pneumocytes, it is possible that HBHA is important not only for adherence to and invasion of epithelial cells (22) but also for escape from these cells into the bloodstream.
The results of this study may also have more practical applications. Improved recombinant Mycobacterium bovis bacille Calmette-Guérin (BCG) strains expressing M. tuberculosis antigens are among the most promising vaccine candidates (7, 8, 9) , and intranasal administration of a recombinant BCG vaccine has been shown to induce a strong immune response in the lung that resulted in greater protection than systemic administration (6) . BCG strains expressing recombinant antigens under the control of the hbhA promoter should warrant a high expression level in the lung that may lead to improved vaccines for use in mucosal immunization strategies against M. tuberculosis or other infectious agents.
